The inhibition performance of polyaniline (PANI)/chitosan (CTS) on metal corrosion in 0.5 M HCl was studied using electrochemical measurements, quantum chemical calculations and morphological observations. Potentiodynamic polarization measurements show that PANI/CTS acts essentially as a mixed-type inhibitor. The inhibition efficiency increases and corrosion rates decrease with increasing concentrations of PANI/CTS. The relationship between experimental inhibition efficiency and quantum chemical calculations that were developed to describe the corrosion inhibition process are discussed.
Introduction
Metals are used for numerous applications in modern society; however, metals oen undergo corrosion in acidic environments, which can lead to their failure. Consequently, many researchers worldwide have explored the development of more reliable methods and strategies to prevent or minimize acid corrosion. A number of references have reported carbohydrate polymers and conducting polymers as efficient corrosion inhibitors that are used as preventative measures for numerous industrial and construction applications.
1,2
Recently, chitosan has received increasing attention as a natural material that displays excellent biocompatibility, biodegradability, good adhesion and nontoxic properties.
3,4
Chitosan contains electron-rich hydroxyl and amino groups whose lone pair electrons form strong coordination bonds to the metal surface, which enable them to function as corrosion inhibitors. 5 Some authors have described the inhibition performance of chitosan and its derivatives on metal corrosion in acidic media. El-Haddad 6 studied chitosan as a green inhibitor for copper corrosion and indicated that it possessed good inhibition efficiency in 0.5 M HCl. Our previous work prepared salicylaldehyde-modied chitosan and studied the effect of the inhibitor on Q235 steel in 1.0 M HCl solution by a weight loss method and electrochemical technology. The inhibitor exhibited excellent anticorrosion performance. 7 Polyaniline (PANI) is a conducting polymer that has been used as a promising eco-friendly corrosion inhibitor. It is easy to prepare at low cost and exhibits good electrical conductivity and low toxicity and has a fully reversible redox cycle. 8 A number of studies have indicated that PANI is a good candidate as an inhibitor for preventing steel corrosion in acid. Rania E. et al.
9
studied un-doped polyaniline and self-doped polyaniline for carbon steel corrosion inhibition behaviour in 1.0 M HCl and showed that both compounds can be effectively used as corrosion inhibitors. Yi Y. et al. 10 showed that conducting polyaniline as a corrosion inhibitor for mild steel plays an important role in retaining efficiency. A previous study revealed that chitosan and PANI are efficient inhibitors to protect steel in acidic solution. Bao R. H. et al. 11 reported carboxymethyl chitosan doped polyaniline as an inhibitor for mild steel where it behaved as a mixed-type inhibitor with excellent inhibition efficiency. However, the preparation process of carboxymethyl chitosandoped polyaniline is complicated, and its corrosion inhibition mechanism has not been studied. We found that few related studies have reported the corrosion mechanism of PANI/CTS composites.
Based on the analysis above, this work successfully prepared a PANI/CTS composite by an effective one-pot synthesis route. Different techniques were employed, such as potentiodynamic polarization and impedance spectroscopy (EIS), to investigate how PANI/CTS additives prevent corrosion of Q235 steel in 0.5 M HCl. The metal surface morphological features were evaluated using scanning electron microscopy (SEM). The molecular structure of the composite was identied by Fourier transform infrared spectroscopy (FTIR). The inhibition mechanism was interpreted using quantum chemical techniques.
acid (NH 2 SO 3 H) were purchased from Tianjin Daming Chemical Co. Ltd. AR grade acetic acid, acetone and ethanol were used as received.
Synthesis of polyaniline/chitosan composite
A polyaniline/chitosan composite (PANI/CTS) was synthesized in CH 3 COOH and NH 2 SO 3 H media. The synthesis route is illustrated in Fig. 1 . An aqueous solution of chitosan (0.2 g) was obtained by dissolving it in 40 mL of 0.33 M acetic acid for 24 h, and 12 mmol of polyaniline monomer was dissolved in 20 mL of 0.8 M NH 2 SO 3 H. This polyaniline solution was added to the chitosan solution and stirred for 30 min to form a homogeneous solution. An ammonium persulfate (10 mmol) solution was prepared by dissolving in 0.33 M CH 3 COOH, which was then added dropwise to a homogeneous solution for 1 h at 0-5 C. The molar ratio of oxidant to monomer was 1 : 2, with the polymerization reaction carried out at 0-5 C for 6 h. The precipitated composite was collected by ltering and washing with water and ethanol, respectively, and then dried at 50 C for 12 h in a vacuum oven.
Electrochemical measurements
Electrochemical measurements were performed in a typical three-electrode electrochemical cell using a CHI660E electrochemical workstation. Test metal samples used for electrochemical experiments were machined into rectangular specimens and then embedded in polytetrauoroethylene (PTFE) with an exposed geometrical circular area of 1 cm 2 . The metal samples served as a working electrode (WE), with a platinum foil used as the counter electrode (PE) and a saturated calomel electrode (SCE) as the reference electrode (RE). Potentiodynamic polarization experiments were carried using a potential of À800 to 200 mV for a scan rate of 1.0 mV s À1 , with all potentials reported in mV (SCE). EIS measurements were carried out over a frequency range of 0.01 to 100 kHz with an AC voltage amplitude of 5.0 mV using an open circuit potential. Measurements were performed in naturally aerated and unstirred solutions aer samples had been exposed to corrosive media at room temperature for 2 h. ZSimpWin soware was used to t and analyse data produced from the EIS measurements. Experimental results were carried out three times, with good reproducibility observed in all cases.
Metal surface and inhibitor characterization
Morphological studies of the mild steel samples were undertaken by SEM examination of surfaces exposed to different test solutions using a scanning electron microscope (SEM, S-4300, Hitachi Co., Ltd. Tokyo, Japan). The molecular structure of the samples was identied by Fourier transform infrared spectroscopy (FTIR, JRT-7000; JASCO, Japan).
Quantum chemical study
Quantum chemical calculations were carried out using density functional theory (DFT) with a 6-31G(d,p) basis set to describe all atoms using a Gaussian 09 program. 12 Energies of the highest occupied molecular orbital E HOMO , the lowest unoccupied molecular orbital E LUMO , the energy gap DE between E LUMO and E HOMO , and Mulliken charges on the backbone atoms of PANI/CTS molecule were calculated using Gauss View.
Results and discussion

Characterization of PANI/CTS inhibitor
The FTIR spectra of the chitosan and PANI/CTS composite are shown in Fig. 2 . The spectrum of chitosan showed a band at 1602 cm À1 for -NH 2 bending. [13] [14] [15] [16] [17] [18] [19] The spectrum showed a band at 1260 cm À1 that could be attributed to the saccharide structure. 20 The absorption band at 1156 cm À1 was assigned to the anti-symmetric stretching of C-O-C bridges, with C-O stretching vibrations present at 1066 cm À1 . 15, 21, 22 The spectrum of PANI revealed peaks at 1596 and 1483 cm À1 corresponding to characteristic C-C stretching of its quinonoid and benzenoid rings, respectively. 23, 24 The peak at 1295 was attributed to C-N and C]N stretching vibrations.
25
The FTIR spectrum of the PANI/CTS composite showed all the characteristic bands that were present in the separate IR spectra of chitosan and polyaniline. The band at 1640 cm À1 was characteristic of a nitrogen quinone (Q) structure, with a 1472 cm À1 band corresponding to a benzene ring (B) structure. Bands at 1295 and 1108 cm À1 were assigned to C-N stretching and N]Q]N stretching, respectively, with a peak at 795 cm
À1
attributed to out-of-plane C-H stretching. 15, 17, 26, 27 Some of the FTIR absorptions for the PANI/CTS composite were shied to shorter wavenumbers, whereas other bands were shied to longer wavenumbers. These FTIR results indicated that a series of electrostatic forces and hydrogen bonding interactions resulted in the successful formation of a PANI/CTS composite. 28 
Potentiodynamic polarization
Kinetics of the cathodic and anodic reactions occurring at the Q235 steel electrode in 0.5 M HCl solution were determined using potentiodynamic polarization measurements at room temperature in the absence and presence of different concentrations of PANI/CTS. A steady-state potential was attained aer 0.5 h due to the rapid dissolution of Q235 steel by the acidic medium. Fig. 3 shows the effect of increasing PANI/CTS concentrations on the cathodic and anodic polarization curves of Q235 steel, which revealed a decrease in corrosion rate for increasing PANI/CTS concentrations. Corrosion current densities (i corr ), corrosion potentials (E corr ), polarization resistances (R P ), anodic and cathodic Tafel slopes and inhibition efficiency (h%) were calculated from the polarization curves shown in Table 1 . Inhibition efficiency (h%) and corrosion rate (C R ) values were calculated using eqn (1) and (2):
where (i corr ) and (i 0 corr ) are the corrosion current density with and without inhibitor, respectively, M Fe is the molecular weight of steel, n is the number of electrons transferred in the corrosion reaction, and p is the density of the specimen (7.86 g cm À3 ). Table 1 reports values for anodic Tafel slopes (b a ) and cathodic Tafel slopes (b c ) for hydrogen evolution, where q is the degree of surface coverage (q ¼ h%/100).
29
Polarization curves indicated that both anodic metal dissolution and cathodic hydrogen evolution reactions were affected by the addition of PANI/CTS, with the parallel nature of the Tafel lines suggesting that an activation-controlled hydrogen evolution reaction was occurring. 30, 31 Changes to the E corr value were less than 85 mV, providing evidence that the PANI/CTS inhibitor functioned as a mixed-type inhibitor that shied in a positive direction for increased inhibitor concentration. 32 I corr values were found to decrease for increased PANI/CTS concentrations, which was due to a greater fraction of the steel surface being covered. [33] [34] [35] [36] Increasing the concentration of PANI/CTS resulted in decreased corrosion rates due to more reaction sites on the steel surface inhibitor being covered through a geometric blocking process. 37 
EIS measurements
Electrochemical impedance spectroscopy was used to study the nature of the electrochemical processes to provide mechanistic information on the inuence of PANI/CTS on the metal dissolution process at the mild steel/0.5 M HCl interface. Fig. 4a shows impedance spectra for varying concentrations of PANI/ CTS inhibitor, with impedance levels changing signicantly aer the samples were immersed in PANI/CTS solution for 2 h. Nyquist plots revealed a single depressed capacitive loop over the frequency range that was studied, with the semicircles indicating the charge-transfer resistant, double-layer capacitance properties of the electrode. [38] [39] [40] [41] The single semicircle in the Nyquist diagram indicated that metal dissolution was controlled by a single transfer process, with similar shaped Nyquist plots indicating that the corrosion mechanism was unaffected in the presence of inhibitor molecules. 42, 43 The Nyquist diagrams for Q235 steel in the presence of the PANI/ CTS composite revealed that the diameter of the semicircles was larger than those produced in its absence. This increase in diameter indicated increased corrosion resistance of Q235 steel, with adsorption of the PANI/CTS inhibitor on its surface resulting in double layer charging effects that produce faradaic impedance processes at the reaction interface. It is noted that, along with the addition and increasing inhibitor concentration in the solution, the frequency ranges with the maximum phase angle and the low-frequency impedance values increased, showing effective adsorption of inhibitor molecules on the Q235 steel surface.
47,48
The steel corrosion mechanism was investigated in detail using an equivalent circuit model, which provided information about the interface reaction in the corrosive medium. 48 Electrochemical impedance parameters were determined by tting the impedance spectra, which enabled constant phase element (CPE), solution resistance (R s ) and charge transfer resistance (R ct ) values to be obtained. Using the CPE value as a substitute for the capacitance value (C dl ) enabled the impedance behaviour of the electric double layer to be accurately determined. The equivalent circuit and the parameters that were used to t the impedance data from corrosion experiments are shown in Fig. 5 and Table 2 .
Inhibition efficiency (h%) values were calculated from R ct values using eqn (3):
where R 0 ct and R ct are the charge-transfer resistance in the absence/presence of inhibitor, respectively. The R ct values of the inhibited systems were higher than for the non-inhibited system, which was due to a reduction in metal dissolution caused by the inhibitor adsorbing to the steel surface. Electrode n values were determined to be between 0.8-10, indicating that their metal surfaces were rough and non-homogeneous, 50, 51 and an increase in inhibitor concentration resulted in improved corrosion resistance.
Surface analysis
SEM has been widely used to observe the morphological features of metal surfaces. The surface morphologies of polished Q235 steel specimens exposed to 0.5 M HCl (without PANI/CTS inhibitor and with 200 ppm PANI/CTS inhibitor) aer immersion for 2 h was examined by SEM, and the results are shown in Fig. 6 . The surface of the polished Q235 steel specimen appeared smooth (Fig. 6a) . The surface of the Q235 steel Table 1 Polarization parameters for Q235 steel in 0.5 M HCl in the absence and presence of inhibitor at room temperature specimen exposed to 0.5 M HCl solution without PANI/CTS inhibitor (Fig. 6b) was rough, which indicated that the Q235 steel specimen was strongly corroded by the corrosion medium. In contrast, in the presence of the PANI/CTS inhibitor (Fig. 6c) , there was much less damage on the Q235 steel surface, which further conrmed the formation of a protective adsorption layer. Therefore, it can be concluded that the PANI/CTS inhibitor possessed a good inhibiting ability for mild steel corrosion.
Quantum chemical calculation 52
Frontier molecular orbital theory states that the reaction of two reagents, A and B, is determined by orbital interactions and the energy differences between their LUMO and HOMO. 53, 54 The geometries of a PANI/CTS monomer were fully optimized using the Gaussian 09 soware package employing a B3LYP/6-31G(d,p) method. 55 The optimized molecular structure and calculated HOMO and LUMO of the PANI/CTS molecule are shown in Fig. 7 . For the HOMO of PANI/CTS, the nitrogen, oxygen atoms, -C]N groups and benzene ring of the PANI/CTS have the largest electron density with Mulliken atomic charges of À7.048 eV (10 O Parameter m is important for the study of the complex and its inhibitive ability. Some authors agree that a high value of m related to the dipole-dipole interaction of the inhibitor and metal surface can enhance the adsorption strength on the metal surface, resulting in an increase of inhibition effectiveness.
56,57
Therefore, the high inhibition efficiency of a molecule can be attributed to the high dipole moment and low DE, which is in accordance with the inhibition efficiencies obtained above. In summary, the results of the high dipole moment and low energy gap indicated that electron transfer from PANI/CTS to the metal surface occurred during the adsorption process.
Mechanism of PANI/CTS corrosion inhibition
It is well recognized that organic inhibitor molecules inhibit metal corrosion by adsorption onto the metal/solution interface. The adsorption efficiency is affected by the molecule structure of the inhibitor, the nature and charge of the metal surface and the distribution of charge over the inhibitor molecule. Thus, a potential mechanism of organic inhibitor molecules on the metal surface can be proposed as due to the following: (a) the physisorption interactions between the protonated amine group and the negatively charged metal surface made by Cl À anions (electrostatic), (b) the chemisorption interactions between the lone electron pair of nitrogen or 
58
According to the experimental results, it was clear that PANI/ CTS enhanced the inhibition efficiency of mild steel in 0.5 M HCl. The reason is that PANI/CTS possessed countless repeating units (including nitrogen atoms, oxygen atoms, -C]N groups and aromatic rings). 59 In other words, the steel surface had a positive charge in the acid solution, so it was difficult for protonated PANI/CTS to approach the positively charged mild steel surface. 60 Because chloride ions have a small degree of hydration, they could attract excess negative charges around the metal interface and facilitate more positively charged inhibitor molecules. Thus, there was a synergy between adsorbed chloride ions and PANI/CTS. In addition, PANI/CTS may be adsorbed on the metal surface through the chemisorption mechanism, involving the displacement of water molecules from the mild steel surface and the sharing electrons between the N/O atoms and iron. The inhibitor molecules can also adsorb on the mild steel surface on the basis of donor-acceptor interactions between p (or p)-electrons of the aromatic ring and vacant d orbital of iron. A schematic diagram of the proposed inhibition mechanism of PANI/CTS on mild steel in 0.5 M HCl solution is shown in Fig. 8 .
Conclusion
PANI/CTS was synthesized and evaluated for its enhanced inhibitory performance on mild steel in 0.5 M HCl. From the obtained results, the following conclusions were drawn:
(1) PANI/CTS was shown to be a good inhibitor of Q235 steel corrosion in 0.5 M HCl solution, with greater inhibition efficiency occurring for high concentrations of PANI/CTS.
(2) Polarization results revealed that PANI/CTS in 0.5 M HCl solution acted as a mixed-type inhibitor that primarily suppressed cathodic processes.
(3) EIS measurements indicated that increasing the concentration of PANI/CTS results in an increase in charge transfer resistance caused by a decrease in the overall capacitance of the system. (4) Quantum chemical calculations suggested that the electron donating nitrogen, oxygen atoms, -C]N groups and aromatic ring of PANI/CTS are responsible for adsorption of PANI/CTS to the steel surface.
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